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Abstract.

We conduct a model-data analysis of the marine carbon cycle to understand and quantify the drivers of atmospheric CO
gancentratiorduring the last glacial-interglacial cycle. We use a carbon cycle box model "SCP-M", combined with multiple
proxy data for the atmosphere and ocean, to test for variations in ocean circulation and Southern Ocean biological export
productivity across marine isotope stages spanning 130 thousand years ago to the present. The model is constrained by prox
data associated with a range of environmental conditions including sea surface temperature, salinity, ocean volume, sea-ice
cover and shallow water carbonate production. Model parameters for global ocean circulation, Atlantic meridional overturning
circulation and Southern Ocean biological export productivity are optimised in each marine isotope stage against proxy data
for atmospheric C@, !*3C and! 4C and deep ocean*C, ! *C and C@' . Our model-data results suggest that global

overturnlng circulation Weakenel}q;mng marine isotope stage 5d, coincident with 85 ppm fall in atmosphenc Cp‘rom

atively weak global ocean and Atlantic meridional overturning C|rculat|on, and mcreased Southern Ocean biological export
productivity ¢ -20 ppm during MIS2-43 angMIS, 2). Ocean circulation and Southern Ocean biological export productivity
returned to modern values by the Holocene period. The terrestrial biosphere decreaségbipss Pg C in the lead up to

the fastglaciatmaximun},ast(zlacial ylaximum, followed by a period of intense regrowth during the last glacial termination
and Holocene!(636-600,Pg C). Slowing ocean circulation, a colder ocean and to a lesser extent shallow carbonate disso-
lution, contributed —#5;;7Q ppm to atmospheric COIn the! 100 thousand-year lead-up to thestglaciabmaximu],ast

Glacial iaximum, with a further! -16-15 ppm contributed during the glacial maximum. Our model results also suggest that

an increase in Southern Ocean biological export productivity was one of the ingredients required to acHestetitheaal
maximumlast lacial lyjaximum atmospheric C@level. We bnd the incorporation of glacial-interglacial proxy data into a
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simple quantitative ocean transport model, provides useful insights into the timing of past changes in ocean processes, enhanc
ing our understanding of the carbon cycle during the last glacial-interglacial period.

1 Introduction

carbonate ion concentration during the last 800 kyr, are preserved in ice and marine core records. The most obvious of these
Buctuations is the repeated oscillation of atmospherig G@hcentratigrover the range of 180-280 ppm every 100 kyr.

The magnitude and regularity of these oscillations in atmospherig &nbined with proxy observations for carbon isotopes,

point to the quasi-regular transfer of carbon between the main earth reservoirs: the ocean, atmosphere, terrestrial biospher
and marine sediments (Broecker, 1982; Sigman and Boyle, 2000; Toggweiler, 2008; Hogg, 2008; Kohfeld and Ridgwell,
2009; Menviel et al., 2012; Kohfeld and Chase, 2017; Ganopolski and Brovkin, 2017). The ocean, given its large size as
a carbon store and ongoing exchange of,Q@th the atmosphere, likely plays the key role in changing atmospheric CO
(Broecker, 1982; Knox and McElroy, 1984; Toggweiler and Sarmiento, 1985; Sigman and Boyle, 2000; Kohfeld and Ridgwell,

2009). Ocean-centric hypotheses for variation in atmospherig €gRcentratiorhave been examined in great detail for the

marine sediment coring and sampling activity (e.g. Sikes et al., 2000; Curry and Oppo, 2005; Kohfeld and Ridgwell, 2009;
Oliver et al., 2010; Menviel et al., 2012; Peterson et al., 2014; Yu et al., 2014b; Menviel et al., 2016; Skinner et al., 2017;
Muglia et al., 2018; Yu et al., 2019). However, the hypotheses for variation in atmosphesiacass the LGM-Holocene
remain debated (e.g. Kohfeld et al., 2005; Martinez-Garcia et al., 2014; Menviel et al., 2016; Skinner et al., 2017; Muglia et al.,
2018; Khatiwala et al., 2019). Established hypotheses include those emphasising ocean biology (e.g. Martin, 1990; Martinez-
Garcia et al., 2014), ocean circulation (e.g. Burke and Robinson, 2012; Menviel et al., 2016; Skinner et al., 2017), sea surface
temperature (SST) (Khatiwala et al., 2019), or the aggregate effect of several mechanisms (e.g. Kohfeld and Ridgwell, 2009;
Hain et al., 2010; KShler et al., 2010; Menviel et al., 2012; Ferrari et al., 2014; Ganopolski and Brovkin, 2017; Muglia et al.,
2018) to explain the LGM-Holocene carbon cycle transition. Hypotheses for an ocean biological role include the effects of iron
fertilisation on biological export productivity (e.g. Martin, 1990; Watson et al., 2000; Martinez-Garcia et al., 2014), the depth of
remineralisation of particulate organic carbon (POC) (e.g. Matsumoto, 2007; Kwon et al., 2009; Menviel et al., 2012), changes
in the organic carbon:carbonate (“the rain ratio") or carbon:silicate constitution of marine organisms (e.g. Archer and Maier-
Reimer, 1994; Harrison, 2000), and increased biological utilisation of exposed shelf-derived nutrients such as phosphorus (e.g
Menviel et al., 2012).

Several studies have attempted to solve the problem of glacial-interglacidiy0®odelling either the last glacial-interglacial
cycle in its entirety, or multiple glacial-interglacial cycles (e.g. Ganopolski et al., 2010; Menviel et al., 2012; Brovkin et al.,
2012; Ganopolski and Brovkin, 2017). These studies highlight the roles of orbitally-forced Northern Hemisphere ice sheets
in the onset of the glacial periods, and important feedbacks from ocean circulation, carbonate chemistry and marine bio-

logical productivity throughout the glacial cycle (Ganopolski et al., 2010; Brovkin et al., 2012; Ganopolski and Brovkin,
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2017). Menviel et al. (2012) modelled a range of physical, biologicalaedechemicahjggeochemicamechanisms to de-
liver the full amplitude of atmospheric GOvariation in the last glacial-interglacial cycle, using transient simulations with
the Bern3D model. According to Brovkin et al. (2012), &0 ppm drop in atmospheric GQ@gpeentratiqrearly in the last

glaeiatglagial-interglaciakycle was caused by lower SST, increased Northern hemisphere ice sheet cover, and expansion of
southern-sourced abyssal waters in place of North Atlantic Deep Water (NADW) formation. Ganopolski and Brovkin (2017)
modelled the last fouglaciatg|agial-interglaciatycles with orbital forcing as the singular driver of carbon cycle feedbacks.
They described the "carbon stew", a feedback of combined physical and biogeochemical changes in the cardorigyele
driving the last four glacial-interglacial cycles of atmospheric,CO

Kohfeld and Chase (2017) also extended the LGM-Holoceng @&bate further into the past by evaluating proxy data
over the periodt8-+15] 15-18thousand years before present (ka), a time that encompasses the gradual fall in atmospheric
CGO, of I 85-90 ppm from the last interglacial period until the last glacial termination. Kohfeld and Chase (2017) identibed
time periods during which COdecreased and aligned these with concomitant changes in proxies for SST, sea-ice extent,

deep Atlantic Ocean circulation and mixing and ocean biological productivity. Kohfeld and Chase (2017) observed that the

likely resulted from a slowdown in deep ocean circulation (Kohfeld and Chase, 2017). Finally, during the period 40-18 ka
(MIS 2-43-2) atmospheric C@dropped a further 5-10 ppm, which according to Kohfeld and Chase (2017) was the result of
enhanced Southern Ocean biological productivity, continually intensifying deep ocean stratibcation, shoaling of NADW and
northward extension of Antarctic Bottom Water (AABW).

In this paper we quantitatively test the Kohfeld and Chase (2017) hypothesis by undertaking model-data experiments in
each MIS across the last glacial-interglacial cycle. We extend their analysis to include Pacibc and Indian Ocean modelling and
proxy data. We use the SST reconstructions compiled by Kohfeld and Chase (2017) amghathéryecleproxiespresentedh

cycle box model (OONEeill et al., 2019) constrained by available atmospheric and oceanic proxy data, to solve for optimal
model-data parameter solutions for ocean circulation and biological export productivity. We also present a qualitative analysis
of the compiled proxy data to place the model-data experiment results in context. We thereby further constrain the timing
and magnitude of posited GOnechanisms operating during each MIS in the last glacial-interglacial cycle (e.g. Kohfeld and
Ridgwell, 2009; Oliver et al., 2010; Menviel et al., 2012; Brovkin et al., 2012; Yu et al., 2013; Eggleston et al., 2016; Yu

et al., 2016; Kohfeld and Chase, 2017). This longer-dated analysis complements recent multi-proxy model-data studies of the
LGM and Holocene (e.g. Menviel et al., 2016; Kurahashi-Nakamura et al., 2017; Muglia et al., 2018; OONeill et al., 2019) by
testing for changes in the ocean carbon cycle in the lead-up to the LGM, in addition to the LGM-to-Holocene. Our modelling
approach differs from other model studies of the last glacial-interglacial cycle (e.g. Ganopolski et al., 2010; Menviel et al.,

2012; Brovkin et al., 2012; Ganopolski and Brovkin, 2017) because we constrain several physical processes from observations
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(SST, sea level, sea-ice cover, salinity, coral reef Buxes of carbon), then solve for the values of model parameters for ocean
circulation and biology based on an optimisation against atmospheric and ocean proxy data.

2 Materials and methods
2.1 Model description

We usedysethe SCP-M carbon cycle box model in our model-data experiment (OONeill et al., 2019). In summary, SCP-
M contains simple parameterisations of the major Buxes in the EarthOs surface carbon cycle (Fig. 1). SCP-M incorporates
the ocean, atmosphere, terrestrial biosphere and marine/continental sediment carbon reservoirs, weathering and river Buxe
and a number of variables including atmospheric,CDIC, phosphorus, alkalinity, carbon isotopé3Q and*4C) andthe
carbonateen(y 3: . SCP-M calculates ocean pG@sing the equations of Follows et al. (2006), and applies the brst and second
"dissociation constants" of carbonic acid estimated by Lueker et al. (2000), to calculat'@ umoccg! concentrations,
respectively, in units ofimol kg 1, in each ocean box. The model employs partial differential equations for determining the
concentration of elements, with each box represented as a row and column in a matrix. In this paper, we extend SCP-M by
incorporating a separate basin for the combined Pacibc and Indian Oceans (Fig. 1) following the conceptual model of Talley
(2013), to incorporate modelling and proxy data for those regions of the ocean. This version of SCP-M consists of 12 ocean
boxes plus the atmosphere and terrestrial biosphere. SCP-M splits out depth regions of the ocean between surface boxes (10
250m average depth), intermediate (1,000m average depth), deep (2,500m average depth) and abyssal depth boxes (3,7
(Atlantic) - 4,000m (Pacibc-Indian) average depth). The Southern Ocean is split into two boxes, including a polar box which
covers latitude range 60-80 degrees South (box 12 in Fig. 1) and subpolar Southern Ocean boxes in the Atlantic (box 7) and
Pacibc-Indian (box 11) basins, which cover latitude range 40-60 degrees South. See OONeill et al. (2019) for a discussion o
the choice of box depth and latitude dimensions.

The major ocean carbon Bux parameters of interest in this model-data study are global ocean circulatioh (G&f@htic
meridional overturning circulation (AMOC), », and ocean biological export productivig, The ocean circulation parameters
" 1 and" , are simply prescribed in units of Sverdrups (8¢ m® s ). Ocean biological export productivi® is calculated
using the method of Martin et al. (1987). The biological productivity Bux at 1200m depth is attenuated with depth for each box
according to the decay rule of Martin et al. (1987). Each sub surface box receives a biological Bux of an element at its ceiling
depth, and loses a 3ux at its Roor depth (lost to the boxes below it). The difference between inBux and out-Bux is the amount
of element that is remineralised into each box. The input parameter is the value of export production at 100m depth, in units of
mol C m 2 yr' 1 as per Martin et al. (1987). Equation (1) shows the general form of the Martin et al. (1987) equation:

d
F= Floo(ﬁ b 1)

WhereF is a Rux of carbon in mol C h? yr' 1, F1og is an estimate of carbon Rux at 100m deptlis depth in metres and
bis a depth scalar. In SCP-M, tl#e parameter implements the Martin et al. (1987) equatibiis an estimate of biological
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Figure 1. SCP-M conbgured as a twelve box ocean model-plus atmosphere with marine sediments, continents and the terrestrial biosphere
Exchange of elemental concentrations occur due to Buxes between Boxézd arrows) is global overturning circulation (GO®@;

(orange arrows) is Atlantic meridional overturning circulation (AMOC). GOC upwelling in both basins is set by default to 50% split between
upwelling into the subpolar and polar Southern Ocek# (pink arrows) is Antarctic intermediate water (AAIW) and Subantarctic mode

water (SAMW) formation in the Indian and Pacibc Oceans (e.g. Talley, 2013). Blue arrows represent mixing Ruxes between drkes.

~3 parameterise deep-abyssal and Southern Ocean-deep topographically-induced mixing (e.g. De Boer and Hogg, 2044} lohile

latitude thermohaline mixing (e.g. Liu et al., 2016).(green downward arrows) is the biological punifs; 4 (white downward arrows) is

the carbonate pumfd)c 4 (white squiggles) is carbonate dissolution aAdblack, bidirectional arrows) is the air-sea gas exchange. Key

to boxes: Atlantic (box 1: low latitude/tropical surface ocean, 0-100m; box 2: northern surface ocean, 0-250m; box 3: intermediate ocean,
100-1,000m; box 4: deep ocean, 1,000-2,500m; box 6: abyssal ocean, 2,500-3,700m; box 7: subpolar southern surface ocean, 0-250m
Pacibc-Indian (box 8: low latitude/tropical surface ocean, 0-100m; box 9: deep ocean, 100-2,500m; box 10: abyssal ocean, 2,500-4,000m;
box 11: subpolar southern surface ocean, 0-250m). Southern Ocean (box 5: intermediate-deep; box 12: surface ocean). For a more detaile
model description see OONeill et al. (2019) and updated model code and data at https://doi.org/10.5281/zenodo.4084586.

productivity at 100m depth (in mol C'n? yr' 1), and coupled with the Martin et al. (1987) depth scalar, controls the amount
of organic carbon that sinks from each model surface box to the boxes below.
Air-sea gas exchange is based on the relative p6€@ween the surface ocean boxes and the atmosphere and is imple-

mented in SCP-M by a parameter that sets its rate in M Hay (Fig. 1). OceanpCOsis-caleulatedusingthe-methodof
5 Follews-etal{2006)SCP-M parameterises shallow water carbonate production, which is linked ® pagameter by an
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assumption for the relative proportion of carbonate vs organic matter in the biological export Bux, known as "the rain ratio"
(e.g. Archer and Maier-Reimer, 1994; Ridgwell, 2003). Carbonate dissolution is calculated based on the ocean box or marine
surface sediment calcium carbonate concentration relative to a depth-dependant saturation concentration (Morse and Berne
1972; Millero, 1983). The isotopes of carbon are calculated applying various fractionation factors associated with the bio-
logical, physical and chemical Buxes of carbon (SeeSupplementarynformationTable S13Jable 51 and OONeill et al.
(2019)).

We have added a simple representation of shallow water carbonate RBuxes of carbon and alkalinity in SCP-MOs low latitude
surface boxes, to cater for this feature in theories for glacial-interglacial cycle(€@. Berger, 1982; Opdyke and Walker,
1992; Ridgwell et al., 2003; Vecsei and Berger, 2004; Menviel and Joos, 2012), using:

|
- dC;
dt

= Creef/vi (2)

reef
WhereC,..s is the prescribed Bux of carbon out of/into the low latitude surface ocean boxes during net reef accumula-
tion/dissolution, in mol C yr!, andV; is the volume of the low latitude surface boxThe alkalinity Bux associated with reef
production/dissolution is simply Eqg. 2 multiplied by two (e.g. Sarmiento and Gruber, 2006).

SCP-M contains a simple parameterisation of the terrestrial carbon cycle. For continental rock weathering, we apply the
simple scheme of Walker and Kasting (1992) as implemented in Toggweiler (2008), Hogg (2008) and Zeebe (2012). Weathering
of silicate and carbonate rocks supplies DIC and alkalinity to the low latitude surface ocean boxes in each basin (boxes 1 and
8 in Fig. 1) as a function of a weathering constant and atmospherig @Qinits of mol m 2 yr' 1. The parameter values

used are shown iSupplementaryrformationTableS1i3[ablg S1 For the SCP-M weathering equations please see OONeill
etal. (2019)! 3C Ruxes for carbonate and silicate weathering are showmjzplementarinfermationtableSigableS1 A

volcanic Rux of carbon (andt3C) is also assumed which sets the rate of volcanie 6@gassing roughly to the rate of silicate
rock weathering (Walker and Kasting, 1992; Toggweiler, 2008; Hogg, 2008; Zeebe, 2012). Parameters for volgamid CO
I13C Ruxes are shown iBupplementarynformationTableS1JableS1

The terrestrial biosphere is represented in SCP-M as a stock of carbon (a box) that Buxes with the atmosphere, governed by
parameters for net primary productivity (NPP) and respiration. In SCP-M, NPP is calculated as a function of carbon fertilisation,
which increases NPP as atmospheric,Ci®es via a simple logarithmic relationship, using the model of Harman et al. (2011).
This is a simpliped approach, which omits tentributioneffectsof temperature and precipitation on NPP (Franeois et al.,

1999; van der Sleen et al., 2015). The terrestrial biosphere module in SCP-M assume&l%a’il?ﬁédfractlonatlon factor of
-23a ( SupplementarinformationtableS13[ablgS1).

The major RBuxes of carbon are parameterised simply in SCP-M to allow them to be solved by model-data optimisation with
respeckf to atmospheric and ocean proxy data. In this study the values for GOC, AMOC and biological export productivity
at 100m depth are outputs of the model-data experiments, as they are deduced from a data optimisation routine. Their input
values for the experiments are ranges, as described in 2.2.1. SCP-MOs fast run time and Rexibility renders it useful for long
term paleo-reconstructions involving large numbers of quantitative experiments and data integration (OONeill et al., 2019).

SCP-M is a simple box model, which incorporates large regions of the ocean as averaged boxes and parameterised Buxes. It i
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an appropriate tool for this study, in which we evaluate many tens of thousands of simulations to explore possible parameter

combinations, in conjunction with proxy data.
2.2 Model-data experiment design

We undertoslalndertakeseries of model-data experiments to solve for the values of ocean circulatiducdagly-parameters

parameters due to their central role in many LGM-Holocene 6ypotheses (e.g. Knox and McElroy, 1984; Toggweiler and
Sarmiento, 1985; Martin, 1990; Kohfeld and Ridgwell, 2009; Hain et al., 2010; Sigman et al., 2010; Yu et al., 2014a; Menviel
et al., 2016; Kohfeld and Chase, 2017; Muglia et al., 2018; Menviel et al., 2020). We force SST, salinity, sea volume and ice
cover, and reef carbonate production, in each MIS (Section 2.2.1, Fig. 2), using values sourced from the literature (e.g. Opdyke
and Walker, 1992; Key, 2001; Adkins et al., 2002; Ridgwell et al., 2003; Kohfeld and Ridgwell, 2009; Rohling et al., 2009;
Wolff et al., 2010; Muscheler et al., 2014; Kohfeld and Chase, 2017). Then, we optimise the model parameters for GOC, AMOC
and Southern Ocean biological export productivity in each MIS time slicechiseghooseGOC and AMOC due to the
prevalence of varying ocean circulation in many theories for glacial-interglacial cyclesofed§) Sarmiento and Toggweiler,
1984; Toggweiler, 1999; Kohfeld and Ridgwell, 2009; Burke and Robinson, 2012; Freeman et al., 2016; Menviel et al., 2016;
Kohfeld and Chase, 2017; Skinner et al., 2017; Muglia et al., 2018; Menviel et al., 2020), and its key role in distribution of
due to its long-standing place and debate among theories of atmospheriduti@g the LGM and Holocene (e.g. Martin,
1990; Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Sigman and Boyle, 2000; Anderson et al., 2002; Kohfeld
and Ridgwell, 2009; Martinez-Garcia et al., 2014; Menviel et al., 2016; Kohfeld and Chase, 2017; Muglia et al., 2018).

The GOC{ 1), AMOC (" ») and Southern Ocean biolog¥ Y parameters are varied ove®,000 possible combinatiors
for each MIS, a total of 80,000 simulations across MiS5ee-1 At the end of each experiment batch, the model results are
solved for the best bt to the ocean and atmosphere proxy data using a least-squares optimisation and the parameter values f
" 1," 2andZ are returned. Our experiment time slices are the MIS of Lisiecki and Raymo (2005), with two minor modibcations
(see Fig. 2). MIS 2 (14-29 ka) as per Lisiecki and Raymo (2005) straddles the LGM (18-24 ka) and the last glacial termination
(15-18 ka), while MIS 1 (0-14 ka) incorporates the Holocene period (0-11.7 ka) and the end of the termination. We are
interested in the LGM and Holocene as discrete periods, so our experiment time slice for MIS 2 is truncated at 18 ka and our
MIS 1 simply covers the Holocene, removing overlaps with the glacial termination. Therefore, our modelling excludes the
last glacial termination!(11-18 ka). The glacial termination period was highly transient with atmosphericv@gying by
! 85 ppm in< 10 kyr and large changes in carbon isotopes. Thus it is anticipated that in a model-data reconstruction model
parameters would vary substantially for this period. Joos et al. (2004), Ganopolski et al. (2010), Menviel et al. (2012), Menviel
and Joos (2012), Brovkin et al. (2012) and Ganopolski and Brovkin (2017) provide coverage of the termination period with
transient simulations, using intermediate complexity models (more complex than our model). For MIS 5, we take the timing
for peak glacial and interglacial substages of Lisiecki and Raymo (2&@Xyr for MIS 5c¢c-5e, and: 2.5 kyr for MIS 5a-5b.
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Figure 2. Model forcings for MIS across the lagtaciatglagial-interglaciakcycle. (A) sea surface temperature reconstruction of Kohfeld

and Chase (2017), mean values mapped into SCP-M surface boxes (Pne lines) and averaged across MIS (bold horizontal lines). (B) Proxy
for Antarctic sea-ice extent using ssNa RRuxes from the EPICA Dome C ice core (Wolff et al., 2010), used to temporally contour MIS model
forcings for (C) salinity (Adkins et al., 2002) and (D) polar Southern Ocean air-sea gas exchange. Global ocean salinity is forced to a glacial
maximum of +1 psu (shown in (C)) and the polar Southern Ocean is forced to +2 psu (not shown), as modibed from Adkins et al. (2002).
Ocean volume (E) forced using global relative sea level reconstruction of Rohling et al. (2009). (F) Atmosfbgmioduction rate time

series for 0-50 ka of Muscheler et al. (2014) . Long-term values assumedbka (Key, 2001). (G) Shallow water carbonate Bux of carbon

from Ridgwell et al. (2003) probled across thieciatg|agial-interglaciacycle using a curve from Opdyke and Walker (1992). Fine lines

are the time series data and bold lines are the model forcings in each MIS. Data behind the bgure are Shpplatimentarynrformation
TablesStandS2an(S3

2.2.1 Model forcings and parameter variations

Weteek{akea reconstructed SST time series for the last 130 kyr (Kohfeld and Chase, 2@kedpapthese to SCP-MOs sur-
face boxes andveragedjyeragdhe time series across each MIS (Fig. 2A). Wereextrapelategexirapolatean Antarctic sea

ice cover proxy as shown in Fig. 2B (Wolff et al., 2010) to the probles for sea surface salinity (Fig. 2C) and the polar Southern
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Ocean box air-sea gas exchange parameter (Fjg.R2i> example, our notional reduction in the strength of the polar Southern
Ocean box air-sea gas exchange due to Antarctic sea ice cover (-30%) is linearly (negatively) probled with the Antarctic sea ice
proxy time series of Wolff et al. (2010). Note the polar Southern Ocean box, which is forced with reduced air-sea exchange, is
separate from the subpolar Southern Ocean Box in which the biological export productivity parameter is varied in the model-
data experiment. Our treatment of sea-ice cover is simply as a regulator of air-sea gas exchange in the polar Southern Ocean su

face boxes in each basifhistreatmenmissesmportantlinkagesthatlikely-existbetweersea-icecoverandSoutherfOcea

erlderroenordHese Ao Pere oo DDA dopee s D0 Melie el cnel e ee DO Misimoconionsl omae)) D

notasagriverpf gtherphysicalprgcessegr higgeochemiceigedbackge, g, Marison.and.Hogg. 2043, Farar et al., 2014; Jansen, 2

Furthermore, our linear application of the sea-ice proxy data of Wolff et al. (2010) to our air-sea gas exchange pgiigmeter
#D) may overestimate its effect on the model results early in the glacial period (MIS 5d) and underestimate its effects during
MIS 2-44-2 (Wolff et al., 2010).

Adkins et al. (2002) reconstructed LGM deep-sea salinity for the Southern, Atlantic and Pacibc Oceans. They found in-
creased salinity for the LGM at all locations across a range of +0.95-2.4 practical salinity units (psu) above modern values,
with an average value of +1.5 psu. The most saline LGM waters were in the Southern Ocean (+ 2.4 psu), with Atlantic and
Pacibc waters ranging +0.95-1.46 psu and a global ocean average of +1.2 psu. Adkins et al. (2002) also observed that withir
a (globally) more saline ocean, lower glacial temperatures would have caused less evaporation during the LGM, a negative
feedback on salinity. Weheseghoosga forcing for LGM sea surface salinity of +1 psu for the global ocean and +2 psu for
the polar Southern Ocean, relative to the interglacial period. These values conservatively re3ect the hypothesis that surface
evaporation may have been less in the LGM, hence a lesser magnitude of change in salinity in the surface ocean relative to the
deep ocean values estimated by Adkins et al. (2002), and also that the most voluminous parts of the ocean were less saline tha
the Southern Ocean (Adkins et al., 2002). In our model-data experiments, the estimated glacial change in sea surface salinity
(Fig. 2C) is also contoured through time with the variation in Antarctic sea-ice cover of Wolff et al. (2010). Adkins et al. (2002)
observed that glacial salinity is a poor predictor of global mean sea level, due to storage of saline waters in ice shelves and
groundwater reserves. Therefore, the proxy for Antarctic sea-ice cover may have a more direct linkage to sea surface salinity
than using global sea level, for our purposes of estimating glacial-interglacial evolution in salinity.

Rohling et al. (2009) reconstructed global relative sea level (RSL) over the pasitdmial-g|agial-interglacialcycles.
According to Rohling et al. (2009), the glacial RSL minimum wasl15m at! 27 ka, immediately prior to the LGM. We
perform a simple calculation to reduce ocean depth and volume in SCP-M, in line with the Rohling et al. (2009) time series.
In a box model this is only an approximation, given the lack of topographical detail. Varying ocean box volume and surface
area effects the ocean surface area available for in-gassing and de-gassing, and overall ocean capacity tg stbiehCO
impacts atmospheric GQ! 13C and! C (Kshler et al., 2010; OONeill et al., 2019). Opdyke and Walker (1992) reconstructed
coral reef carbonate Buxes of Cagfor the lastglaciatglggial-interglacigtycle for the purposes of modelling the "coral reef

hypothesis". According to Opdyke and Walker (1992), reef carbon Ruxes (out of the ocean) declined through the glacial cycle,
with net dissolution in MI-areiS-3-3 andMIS, 2 leading to positive 3uxes of carbon and alkalinity into the ocean in those
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periods. Fluxes of carbon and alkalinity out of the ocean into coral reefs, rebounded from the LGM (MIS 2) into the Holocene
(MIS 1), driven by increased sea level and temperature (Kleypas, 1997). Given that Opdyke and Walker (1992) evaluated
the possibility for coral reefs to drive the entire glacial-interglaciab®@riation, wehavetakenfakethe more conservative
modelling assumption of Ridgwell et al. (2003) of 0.5 x4@nol C for the postglacial accumulation of coral reefs. Wee
probledpropPlethis value across the glacial-interglacial cycle accumulation/dissolution curve of Opdyke and Walker (1992) as

shown in Fig. 2. Weappliedapply the estimated atmospheric production rate'ft€ for the last 50 kyr of Muscheler et al.
(2014), with a long term average production rate df.7 atoms ch? s ! assumed foB0-13§1.30- 5Qka (Key, 2001). Model

forcing values are shown iBupplementaryrformationTablesStand[ablesS2andsS3

The terrestrial biosphere module in SCP-M does not explicitly represent the carbon stored in buried peat, permafrost and
also cold-climate vegetation that may have expanded its footprint in the glaciation, such as tundra biomes (e.g. Tarnocai
et al., 2009; Ciais et al., 2012; Schneider et al., 2013; Eggleston et al., 2016; Ganopolski and Brovkin, 2017; Treat et al.,

2019). The freezing and burial of organic matter across the glacial pergesignibeantlyimprintthe-terrestrialbiosphere
sequestergarbopon,jand,and may,modify, afmospherjcCO;, size-and! 3C signature(Tarnocai et al., 2009; Ciais et al.,

2012; Schneider et al., 2013; Eggleston et al., 2016; Ganopolski and Brovkin, 2017; Mauritz et al., 2018; Treat et al., 2019).

asperma#esﬁsﬂeeglaeraleyelepreg%esseec‘anopolskl and Brovkin (2017) incorporated permafrost, peat, and hjaried
carbon into their transient simulations of the last four glacial-interglacial cye%e%wngwlth,,lhe,,gHMBER 2, model.

gycle increasing into the LGM (MIS 2), and maintained in the Holocene (MIS 1). We mwﬂ-‘ta#memge#theterresmal
Eeseherq;hls,mrcmg in the Holocene, as the posited effects of buried peat and permafrost storage of carbon on atmosphenc

SCP-M calculates net primary productivity (NPP) using th|s product|V|ty input parameter and a Iogar|thm|c function of carbon
fertilisation (Harman et al., 2011).

More than 9,000 model simulatiorgsreareundertaken across the parameter ranges in Table 1 for each MIS. Parameters
wergarevaried simultaneously to allow coverage of all possible combinations of the parameter values within their respective
experiment ranges. Within these ranges, values are incremented by 1 Sv fot GPERd AMOC (' ,), and! 0.5 mol C m 2
yr' 1 for Atlantic Southern Ocean biological export productiviy)( Each simulatiorvasijs run for 10 kyr to enable the model
to achieve steady state. We show the experiment ranges for the biological export productivity pafafoettire Atlantic
and Pacibc-Indian sectors of the Southern Ocean (Table 1). In SCP-M, the Pacibc-Indian Southern Ocean biological export

10
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Table 1. Free-Roating parameter ranges in the model-data experiments for global overturning circulationy( GQO&lantic meridional
overturning circulation (AMOC¥») and Southern Ocean biological export productivi) (Parametersrereqre varied simultaneously

across these ranges and then optimised against proxy data in each MIS. Also shown are pre-industrial control values for GOC (Talley, 2013),
AMOC (Talley, 2013) and Southern Ocean biological export productivity (Dunne et al., 2005; Sarmiento and Gruber, 2006; Henson et al.,
2011; Siegel et al., 2014; DeVries and Weber, 2017). The Pacibc-Indian Southern Ocean biology parameter is set at a bds@®&ue of
Atlantic Southern Ocean box, but scales linearly with the Atlantic Ocean parameter in the experiments. The smaller values for Pacibc-Indian
Southern Ocean takes account of natural observations of a relatively stronger biological export productivity in the Atlantic sector of the
subpolar Southern Ocean (e.g. Dunne et al., 2005; Sarmiento and Gruber, 2006; Henson et al., 2011; Siegel et al., 2014; DeVries and Webe
2017).

Southern Atlantic
GOC AMOC (Pacibc-Indian)
(¥,) Sv (¥5) Sv Ocean bhiology ¢)

[

Time period

molCm' 2 yr
Pl control values 29 19 3.2(2.2)
MIS  experiment

10-35 10-25 0.5-6.5 (0.3-4.5)

ranges

productivity parameter (in mol C ? yr' 1) is set by default at a value 6f70% of the corresponding Atlantic sector Southern
Ocean box, to align with natural observations of variations in the Southern Ocean biological export productivity (e.g. Dunne
et al., 2005; Sarmiento and Gruber, 2006; Henson et al., 2011; Siegel et al., 2014; DeVries and Weber, 2017). This variation is
relRected in the values in Table 1. In the experiments, the valués iiothe Pacibc-Indian Southern Ocean surface box scale
linearly with the values for the Atlantic Southern Ocean surface box (Table 1). Herein we focus our presentation and discussion
of the experiment results for ttze parameter on the Atlantic Southern Ocean due to its prominence in glacial-interglacial cycle
hypotheses for increased biological productivity (e.g. Martinez-Garcia et al., 2014; Lambert et al., 2015; Shaffer and Lambert,
2018; Muglia et al., 2018).

2.2.2 Optimisation procedure

We performedpgrforma least squares optimisation of the model experiment output against MIS data for atmosphgric CO

atmospheric and deep and abyssal odeHC and! 3C, and deep and abyssal ocean carbonate ion proxy, to source the best-bt
parameter values for GOC, AMOC and Southern Ocean biological productivity in each time slice - a brute force form of the

gradient descenmethod for optimisation (e.g. Strutz, 2016). The equation for least bt appiiast

# R."D,
Opt, = Min  (—4——)? (3)
i\ k=1 bk

11



where:Opt,, = optimal value of parameters(e.g. GOC, AMOC and Southern Ocean biological productivig); = model

output for concentration of each elemerih box k, D; ;, = average data concentration each eleniéntbox k and" ; ;, =

standard deviation of the data for each elemémboxk. The standard deviation performs two roles. It normalises for different

unit scales (e.g. ppm, & ang@mol kg 1), which allows multiple proxies to be incorporated in the optimisation, and reduces the
weighting of a proxy data point with a high standard deviation and therefore an uncertain value. The weighting by proxy data
standard deviation also fulbls the important role of accounting for data variance in the optimised parameter results, such that
the effects of data variance are embedded in the optimised parameter values. Where proxy data is unavailable for a box, tha
data and box combination is automatically omitted from the optimisation routine. The experiment routine returns the model
run with the best bt to the data, and the modelOs parameters and results.

Table 2. Ocean and atmosphere proxy data sources for the last glacial-interglacial cycle

] Time period
Indicator Reference
coverage

Monnin et al. (2004), MacFarling Meure et al. (2006), Bere-
iter et al. (2012), Rubino et al. (2013), Schneider et |al.
Atmosphere CQ@ 0-155 ka (2013), Ahn and Brook (2014), Marcott et al. (2014), Bere-
iter et al. (2015), (all data found at https://www.ncdc.noaa.gov/
paleo-search/study/17975)
Elsig et al. (2009), Schmitt et al. (2012), Schneider et al. (2013),

Atmospheref*3C 0-155 ka
Eggleston et al. (2016)

AtmosphereA“C 0-50 ka Reimer et al. (2009)

Oceans'C 0-120 ka Oliver et al. (2010), Govin et al. (2009), Piotrowski et al. (20Q9)
Skinner and Shackleton (2004), Marchitto et al. (2007), Barker
et al. (2010), Bryan et al. (2010), Skinner et al. (2010), Bufrke

4 and Robinson (2012), Siani et al. (2013), Davies-Walczak et al.

OceanA™C 0-40 ka

(2014), Skinner et al. (2015), Chen et al. (2015), Hines et al.
(2015), Sikes et al. (2016), Ronge et al. (2016), Skinner et al.
(2017), Zhao et al. (2017)
Yu et al. (2010), Yu et al. (2013), Yu et al. (2014b), Yu et al.
0-705 ka (2014a), Broecker et al. (2015), Yu et al. (2016), Qin et |al.
(2017), Qin et al. (2018), Chalk et al. (2019)

COY as deduced from
B/Ca

12
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2.3 Data

Our model-data optimisation rests on compilations of atmospheric and ocean paleo proxy data. We compile and apply published
proxy data for atmospheric GQ! *3C and! '4C and ocean3C,! *4C and CG' concentration. We calculate the simple

mean and standard deviation of data points for each model box and MIS. The proxy data for each ocean box is binned into
model box based on depth, latitude and longitude which assigns the data to either the Atlantic or Pacibc-Indian basin. The
box-mapped data are binned into MIS age groups and the sample population is then averaged and the standard deviation i
calculated. The standard deviation is then used as a weighting in the model-data optimisation procedure. Sources of proxy dat:
are shown in Table 2 and data locations in Fig. 3. MIS and model box-averaged atmospheric and ocean proxy data and theil

respective standard deviations are showBtpplementarynformationTablesS3-SablesS4-S7

2.3.1 Ocean carbon isotopes

We gatheredyatherpublished marine 14C data extending back to40 ka (Table 2). Our dataset incorporates individual
records contributed over the ldsthirty years and supplemented by the recent compilations of Skinner et al. (2017) and Zhao
et al. (2017). The data total 75 individual location estimates for benthic and planktonic foraminifera, and deep sea corals.
We have restricted our efforts to time series which contain independent calendar ages, and therefore corrections for radioactive
decay in the time since the sample was deposited (yieldittC). Figure 3 shows the geographic distribution of th&C
data, which is generally concentrated on ocean basin margins. Some regions, such as the central Pacibc, southern Indian ar
polar Southern Ocean, are devoid of data.

Oliver et al. (2010) compiled a global dataset of 240 cores of mafit@ data encompassing benthic and planktonic species
over the last 150 kyrs. Oliver et al. (2010) observed considerable uncertainties associated with the broad range of species
included, particularly for the planktonic foraminifera. By comparison, Peterson et al. (2014) aggregated! ri&ifa the
LGM and late Holocene periods, as time period averages, exclusively sampling l@nthiellerstoridata;-which is a more
reliable indicator of mariné'3C (Oliver et al., 2010; Peterson et al., 2014). To narrow the range of uncertainty, we constrain
our use of mariné'3C data to the deep and abyssaP(500m) benthicCibicidesspecies foraminifera samples in the Oliver
et al. (2010) dataset, supplemented v@ibicidesspecied 13C proxy data from Govin et al. (2009) and Piotrowski et al. (2009)
(Table 2). Figure 3 shows tHé3C data locations from Oliver et al. (2010), which are concentrated in the Atlantic Ocean. We

and averaged for each MIS time slice.

2.3.2 Carbonate ion proxy

CO§! is relatively sparse, witk 20 individual site locations across the global ocean. However, the depth and lateral coverage
of SCP-MOs boxes is large, particularly in the case of the deep ocean boxes, which cover the full lateral extent of the PaciPc

13
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Figure 3. A™C, §'*C and Cd' data locationsA'*C and CJ' datawasis compiled from published estimates. RBr'C we take the

compilation of Oliver et al. (2010). MIS and model box-averaged data and their respective standard deviations are Shpplarirentary
trfermationTablesS3-S&§4-S7.

Indian and Atlantic oceans, and depth ranges of 100-2,500m (Pacibc-Indian) and 250-2,500m (Atlaéiimaﬁﬁ)ary by

more than 10umol kg * across the depth range 100-2,500m, and can vary by u@@®umol kg ?* in the shallow ocean

(e.g. Sarmiento and Gruber, 2006; Yu et al., 2014b, a). Some boxes contain only one core, creating an exceptionally low
standard deviation range relative to the otheeanproxies. In other cases, such as the deep Atlantic ocean, the data points are
clustered within the 2,000-2,500m depth range, the bottom third of the corresponding SCP-M box. This clustering becomes
a problem for the SCP-M box model, which outputs average concentrations over the complete depth range of each box - a

drawback of using a large resolution box model to analyse proxy data at a global ocean level. Furthermore, the very low

standard deviations associated with the3C@ata @atashewnin-Supplementarynformation Table S5shownin, Table S6)

cause it to assume a disproportionate weighting in the model-data optimisation, which uses standard deviation for weighting
of proxies, relative to oceant®C and! '#C. The latter proxies often have box standard deviations up t&6ifiGheir mean

value, when averaged across a box. This issue is also an artefact of our procedure necessary to normalise the different proxie
(each in unique units) in a multi-proxy model-data optimisation, by using the standard deviation as a weighting. To deal with
this, wehaveassigneeggsignan arbitrary standard deviation (weighting) of @tol kg !to CO§! data observations in our
model-data optimisations, which acts as a feasible weighting for the processing ofiherélﬁlive to the other ocean proxy

data. This value is a small fraction of the variation in ﬁo:oncentrations observed over the depth range 100-2,500m in the

modern ocean (e.g. Key et al., 2004; Yu et al., 2014b).

14
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3 Data analysis

In this section we describe the proxy data used to constrain the glacial-interglacial model-data experiments. We depict the
major changes in atmospheric ®*3C and! 4C, and oceah**C,! 4C and CG' proxy data across the model box loca-

tions and MIS in the last glacial-interglacial cyclgrisisanincompletehistoryof-thelastglacial-interglaciakyelebutdees

ra atala d a
O O OC Catd ol v, . T T wiviv Oy oHoviac-grap ararary O g1roTa

Figure 4 shows the atmospheric data used to constrain the model-data experiments, averaged into MIS time slices. There

are many Ructuations and transient changes throughout the last glacial-interglacial cycle, but there are three major sustaine

discussed in the Introduction, this sequence of @&aluctions is likely the result of oceanic drivers with biogeochemical and
terrestrial feedbacks (e.g. Ganopolski et al., 2010; Menviel et al., 2012; Brovkin et al., 2012; Ganopolski and Brovkin, 2017;
Kohfeld and Chase, 2017\tmosphericCO, gongentratiorincreases by 85 ppm in the glacial termination and Holocene
periods, a transition in the carbon cycle which has occupied substantial research effort in the last four decades, but with a
growing consensus of multiple physical and biogeochemical drivers and feedbacks. Kohfeld and Ridgwell (2009) and KShler
et al. (2010) provide summaries of the potential candidate mechanisms to explain the glacial-interglacial changes in atmo-
spheric CQ, while recent model-data studies have attempted to explain the specibc physical and biogeochemical drivers of the
LGM-Holocene change in atmospheric €(Tagliabue et al., 2009; Menviel et al., 2016; Muglia et al., 2018; OONeill et al.,
2019),

Figure 4B shows atmospheri¢3C over the last glacial-interglacial cycle. Eggleston et al. (2016) explained the glacial-
interglacial atmospherit3C pattern in terms of ongoing changes in SST, AMOC, Southern Ocean upwelling, dust-driven
Southern Ocean biological export productivity and the terrestrial biosphere. AtmospHei¢Fig. 4B) was! 0.4 higher

in the Holocene (MIS 1) and LGM (MIS 2) periods than in the last interglacial (MIS 5e) and penultimate glacial periods (MIS

15
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Figure 4. MIS atmosphere data for (A) atmospheric S@ereiter-et-al-20EMannin. &t @l al0d: Maskarling.Merre et alw2906; Bereiter et al., 2

(Reimer et al., 2009). Data are shown in bne lines, with bold horizontal lines for MIS-sliced data. Natural observato<foio not
exist beyond 50 ka due to the radioactive decay'6€C. Data behind the bPgure are showrsiapplementarjrfermationTableS3S4

6, not shown in Fig. 4B)asdescribedn Sehneider et al. (2013) a,[ﬁggj,eston et al. (2016)rhere were temporary falls in

of the observed increase in atmospheﬁ%C across the last glamal—mterglamal cycIe may be the effect of accumulatlon and

5 freezing or burial in glacial sediments, of peat and other soil organic matter at the high latitudes (e.g. Tarnocai et al., 2009; Ciais
etal., 2012; Schneider et al., 2013; Eggleston et al., 2016; Ganopolski and Brovkin, 2017; Treat et al., 2019). According to Treat
et al. (2019), peatlands and other vegetation accumulated carbon in the relatively warm periods, and these carbon stocks wer
then frozen and/or buried in glacial and other sediments during the cooler periods, throughougﬂheiﬁgﬂ@gqu-interglacial

10 Ciais-etal{2012)may-be-smallernew-thaninthe EGM(Tarnngai.et al., 2009; Ciais et al., 2018chne|der et al. (2013)

evaluated several possible candidates for the rising atmosph&@gattern across the last glacial-interglacial cycle and could
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not discount any of (1) changes in the carbon isotope RBuxes of carbonate weathering and sedimentation on the seaf3oor, (2
variations in volcanic outgassing or (3) peat and permafrost build-up throughout the last glacial-interglacial cycle.

The large drop in atmospherld®C observeds guring MIS 4 reverses in MIS 3 (Fig. 4B). This excursion in th&C
pattern likely resulted from sequential changes in SST (cooling), AMOC, Southern Ocean upwelling and marine biological
productivity (Eggleston et al., 2016). Eggleston et al. (2016) parsed the atmospR&isignal into its component drivers
across MIS3-5pa-3using a stack of proxy indicators. Eggleston et al. (2016) highlighted the sequence of events between

the end of MIS5,5aand beginning of MIS 3 and their cumulative effects to deliver the full change in atmosph&@icOur

MIS 3-55-3, and only captures the changes in the mean-MIS value, serving to understate the full extent of transient changes
in responsible processes. In addition, the MIS-averaging approach misses the sequential timing of changes in processes withi

each MIS. These are limitations of our steady-state, MIS-averaging approach. The reduction in atmbsiBeriche last

increase, is attributed to the release of deep-ocean carbon to the atmosphere resulting from increased ocean circulation an
Southern Ocean upwelling (Schmitt et al., 2012). The subsequent rebouttCah the termination period and the Holocene

is believed to result from terrestrial biosphere regrowth, in response to increaseah@®©arbon fertilisation (Schmitt et al.,

2012; Hoogakker et al., 2016).

Figure 4C shows atmosphetic*C over the last 50 kyr (Reimer et al., 2009). During this petiddC is heavily inBuenced
by declining atmospherit*C production (Broecker and Barker, 2007; Muscheler et al., 2014). In addition, an acceleration
in atmospherid #C decline at the last glacial termination is attributed to the release oftMidepleted waters from the
deep ocean, due mainly to increased Southern Ocean upwelling*@-depleted deep source waters (e.g. Marchitto et al.,
2007; Skinner et al., 2010; Burke and Robinson, 2012; Siani et al., 2013). Broecker and Barker (2007) characterised the drop
in atmospherid 4C at the last glacial termination as "the mystery interval" and questioned whether there existtéd-a
depleted ocean reservoir source of sufbcient size to contribute to the drop.

Figure 5 shows deep and abyssal oce®C data mapped into SCP-M box model space and averaged across MIS. The
visual offset between deep and abyssal proxy data values is regularly interpreted as an indicator of the strength of deep ocea
circulation and/or mixing, or biological productivity, during the LGM and the Holocene (e.g. Sikes et al., 2000; Curry and
Oppo, 2005; Marchitto et al., 2007; Oliver et al., 2010; Skinner et al., 2010; Burke and Robinson, 2012; Siani et al., 2013; Yu
etal., 2013, 2014a; Skinner et al., 2015, 2017). The deep-abyssal Atl&t@itcime series (Fig. 5A) exhibits modest widening

primarily by more negative abyssdl®C values. The offset is almost closed in MIS 1 (the Holocene). The deep AtldAtGc
range itself also widens considerably from MIS 4, and narrows after the LGM. Oliver et al. (2010) and Kohfeld and Chase
(2017) interpreted these patterns as the result of weakened deep Atlantic ocean cirestgjiamg MIS 4 andatguring the

LGM, strengthening in the post glacial period.
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The Pacibc-Indiah!3C data (Fig. 5B) shows a drop in abyss&lC and widening in thdy|S-averagedeep-abyssal offset

also observed in the Atlantic Ocebt? C data. Statistical analysis of th&C data provided inhe Supplementarinformation
10 {Fig. S1 and Tabl&7)S8 supports our qualitative interpretation of the Atlantic and Pacibc-Indi@ proxy data.
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Figure 5. MIS ocean data mapped into SCP-M box model dimensions'ft€ (Oliver et al., 2010). Data (round circles) are mapped into
deep (2,500m average depth) and abyssal (3,700 (Atlantic) - 4,000m (Pacibc-Indian) average depth) model boxes and averaged across Ml

slices (bold lines). Data behind the Pgure are showstipptementarjpformationTableS4S5
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Ocean! “C data covers thgeriodMIS 1-3 periedsand the LGM and Holocene in most detail (Fig. 6). We show ocean
Il 14C, which is ocean less atmosphetid*C. This calculation is made in attempt to normalise the effects of varying at-
mospherict*C production through the glacial-interglacial cycle (Broecker and Barker, 2007; Muscheler et al., 2014), which
imparts a dominant inRuence on the oceéarC trajectory. Given the sparse data coverage for MIS 3 we focus our analysis on

MIS 1 and 2. Thd! 4C time series exhibits two key features acrossiBéi{(MIS 2 randHeleceneperiods((|,GM),and

LGM to the Holocene, in both the Atlantic (Fig. 6A) and Pacibc-Indian (Fig. 6B) basins. Second, all ocean boxes display an
increase in!  1*C from the LGM to the Holocene, towards equilibrium with the atmosphere. These patterns are believed to
represent increased overturning circulation and Southern Ocean upwelling in the Atlantic and Pacibc-Indian basins across the
LGM-Holocene. Increased ocean overturning brought lolf,C-negative water up from the deep and abyssal oceans, mixing
with shallow and intermediate waters, and eventually into the surface Southern Ocean and contact with the atmosphere (where
14Cis produced) - known as "increased ventilation” (e.g. Sikes et al., 2000; Marchitto et al., 2007; Bryan et al., 2010; Skinner
etal., 2010; Burke and Robinson, 2012; Siani et al., 2013; Davies-Walczak et al., 2014; Skinner et al., 2014; Hines et al., 2015;
Freeman et al., 2016; Sikes et al., 2016; Skinner et al., 2017).

The Atlantic ocean C§5 time series shows a similar patternto #C and! 13C, with a wide dispersion of shallow-abyssal
and deep-abyssal concentrations at the LGM that nareiy, the Holocene (Fig. 7). This pattern has been interpreted as
varying strength and/or depth of AMOC and biological productivity in the Atlantic Ocean (e.g. Yu etal., 2013, 2014b, a, 2016).
The abyssal Atlantic C& pattern, which spans the lagtaeiatglagcial-interglacialcycle, is punctuated by two downward
excursions (Fig. 7). These occargyringMIS 4 and MIS 2, corresponding to the secaa]hird major atmospheric CO

increased carbon storage in the deep-abyssal Atlantic Ocean. This signal is repeated at the LGM, where further shoaling anc
slowing AMOC contributed to deep oceanic drawdown of,G@m the atmosphere (Yu et al., 2013, 2014b, a). Theggsis
a modest drop in abyssal Atlantic Ocean ?Q\%q,uring MIS 5b (-13pmol kg ! relative to MIS 5c), which coincides with

a minor drop in abyssal Atlantic Ocea®®C (-0.194) and atmospheric C®(-14 ppm), indicating a common link. Menviel
explain these features.
The Pacibc Ocean is thought to partially buffer the effects of ocean circulation §n @centrations (Fig. 7) via changes
in shallow (reef) and deep carbonate production and dissolution, and therefore displays less variation across the MIS (Yu
et al., 2014b; Qin et al., 2017, 2018). The deep and abyssal Pacibc-Indian ocean data shows a gradual trend of increasin

CO? through theglacialglagial-interglaciatycle (Fig. 7), suggesting that it is inlBuenced more by variations in shallow/deep

drop (Fig. 7), aligning with the contemporary drop in abysgaan 13C and atmospheric CQFig. 5 and Fig. 5B), suggesting
a possible common driver, and providing additional qualitative evidence for changes in either Pacibc-Indian ocean circulation
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Figure 6. MIS stage ocean data mapped into box model dimension& fol*C. Data (round circles) are mapped into deep (2,500m average
depth) and abyssal (3,700 (Atlantic) - 4,000m (Pacibc-Indian) average depth) model boxes and averaged across MIS slices (bold lines).
Natural observations do not exist beydn80 ka due to the radioactive decay'6€. AA'*C is oceanesginusatmospheréelta* A C.

Note that this calculation is not done with the average ocean box and atmosphere values for each MiSjeatherA\ A ' C forrepresents

Data behind the Pgure are showrSapplementaryrfermationTableS637.

or biology, at this timeAt-Puring MIS 4, there is a drop in deegndgbyssaPacibc-Indian C8 and a modest widening in

3, also seen in thelCand!l 1%C data (Figs 5-7), indicating it is a persistent feature of the proxy records. This suggests
MIS 3 may be the nadir of Pacibc-Indian ocean circulation and/or the peak in biological activitygratheteyele;ane|ast
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Figure 7. MIS stage ocean data mapped into box model dimensions for carbonate ion proxy. Data (round circles) are mapped into deep Data
(round circles) are mapped into deep (2,500m average depth) and abyssal (3,700 (Atlantic) - 4,000m (Pacibc-Indian) average depth) mode
boxes and averaged across MIS slices (bold lines). and abyssal (3,700 (Atlantic) - 4,000m (Pacibc-Indian) average depth) model boxes an
averaged across MIS slices (bold lines). Data behind the Pgure are shwpgfementarjrfermationTableS536

4 Results

Figure 8 shows the data-optimisgflS-averagevalues returned from the model-data experiments for GOC, AMOC and At-
lantic Southern Ocean biological productivity parameters, in each MIS ("X" symbols). The optimised values take account of
data variance, due to the weighting of proxy data points by their standard deviation in the model-data optimisation equation
(Eq. 3). The full range of model-data experiment results are shoBajplementarirformationTableSE[ableS9 The GOC
parameter'( 1) value falls from 29 Sv to 22 Sv between MIS 5e and 5d, with gradual declines duringd&&5¢-5aand

a slight acceleration in the rate of decline during M#€5a-3 GOC reaches its minimum glacial value (16 Sv) in MIS 3,

reversed in MIS 5a. AMOC weakens further in MIS 4, achieving its glacial nadir (13 Sv), which is maintained until the LGM
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before increasing to 18 Sv in MIS 1. Importantly, closely follows the abyssal Atlantic (>2,500 m, single box covering
North and South Atlantic)-! *C and CG@' data patterns across the glacial-interglacial cycle, 'andC from the LGM

to the Holocene (Figs 5-7)., remains near its modelled last interglacial value (MIS 5e, 18 Sv), during9ksie5d gnd

pC, before dropping in MIS 5b (abyssal Atlanti¢3C and CC§! , and atmospheric CQalso drop at this point), before partly
reboundingatdyringMIS 5a and then falling synchronously with abyssal Atlah##C and CC@I concentrations during MIS

4.7 (3.3) mol C th2 yr' 1 in the LGM, then falls to 3.4 (2.4) mol C'nf yr' X in MIS 1.
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Figure 8. Model-data experiment results for global overturning circulation (A), Atlantic meridional overturning circulation (B) and At-
lantic Southern Ocean biological export productivity (C). "X" symbols mark the optimal parameter values returned from the model-data
experiments. The optimised values take account of data variance, due to the weighting of proxy data points by their standard deviation
in the model-data optimisation equation (Eq. 3). Data for optimised parameter values shown in the bgure are cortapmdrrentary
trfermationTable SES9

Figure 9 shows the optimised model-data output for atmospherica®@ oceararbonatdon-proxy; CQ5' goncentrations

also how well the model-data output of parameter values can explain the proxy data patterns as described in the data analysi
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section. The model-data results fall within one standard deviation of atmosphesia@Qleep and abyssal @Odata, and
mostly on the MIS means, across the MIS periods (Fig. 9). The modelled abyssal Pacibc—lnﬁiafaﬁﬁ):lose to the MIS
proxy data means across the glacial-interglacial cycle, but misses some of the variations in the data - pasticadtsi}S
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Figure 9. Values returned from the model-data experiment for (A) atmosphericd®@ carbonate ion proxy for (B) deep Atlantic (2,500m
average depth), (C) abyssal Atlantic (3,700m average depth), (D) deep Pacibc-Indian (2,500m average depth) and (E) abyssal Pacibc-India
(4,000m average depth). Model-data experiment results are shown as dots, with mean proxy data shown as solid lines, and one standar
deviation range by dashed lines, in each MIS. A default standard deviation;oh@Dkg * is used as discussed in the text. £ Qdlata for

the SCP-M deep Atlantic box in (B) does not extend beyond 50 ka. Model results for each box in each MIS are shawrdmentary
trfermationTableS9{10andSHIz12
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The model-data results show good agreement with atmospheric, deep and dby@sidta throughout the MIS (Fig. 10).
The results mostly fall on the mean and all are within the standard deviation for atmospii€idata in the MIS. Nearly
all results fall within standard deviation for the deep and abyssal Atlantic and Pacibc-Indian oceans. The modelled abyssal
Pacibc-Indian box*3C underestimates mean MI$*C in most MIS time slices, which may reRect a discrepancy between the
5 average depth of the"*C proxy data and SCP-M abyssal ocean box, or a bias in the modelOs equations.
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Figure 10. Values returned from the model-data experimentffiC for (A) atmosphere, (B) deep Atlantic (2,500m average depth), (C)
abyssal Atlantic (3,700m average depth), (D) deep Pacibc-Indian (2,500m average depth) and (E) abyssal Pacibc-Indian (4,000m averag

depth). Model-data experiment results are shown as dots, with proxy data mean (solid lines) and one standard deviation (dashed lines) ir
each MIS. Model results for each box in each MIS are showsripplementarjnformationTableSSandS10angS11

Figure 11 shows model-data results for atmospheritC and ocean! 4C compared with data, for MIS 1-3. Model-
data results fall within one standard deviation of the data for all observations that were modelled and replicate the dramatic
compression in deep-abysgal 4C and ocean-atmosphere offsets, between MIS 2 (LGM) and MIS 1 (the Holocene) as

shown in the data (Fig. 11).
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Figure 11.Values returned from the model-data experiment for (A) atmosphert€ andAA“C for (B) deep Atlantic (2,500m average
depth), (C) abyssal Atlantic (3,700m average depth), (D) deep Pacibc-Indian (2,500m average depth) and (E) abyssal Pacibc-Indian (4,000n

signal. Model-data experiment results are shown as dots, with proxy data mean (solid lines) and one standard deviation (dashed lines) in eacl
MIS. Model-data experiment results prior to MIS 4 are omitted, due to the radioactive det4® which precludes natural observations
prior to! 50 ka. Model results for each box in each MIS are show@tipplementarirformationTableS9[310andS12313

Figure 12 shows model-data output for the terrestrial biosphere net primary productivity (NPP) and carbon stock during
the last glacial-interglacial cycle. The NPP and carbon stock follow atmospherdad®@n in the lead-up to the LGM and
rebound from the LGM to the Holocene. In our model this is driven by carbon fertilisation from atmospheri(K@glan
et al., 2002; Otto et al., 2002; Harman et al., 2011; Hoogakker et al., 2016). However, other studies emphasise the important
role of temperature and precipitation in inlBuencing NPP (Franeois et al., 1999; van der Sleen et al., 2015). Notably, there is a
distinct drop in NPRat-guring MIS 4, a period where atmospheric g@lls by! 30 ppm (Fig. 4A). Hoogakker et al. (2016)
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lower end of the range of NPP values from Hoogakker et al. (2016). However, our model-data estimates of NPP for MIS 5d
and 5e underestimate the NPP calculated by Hoogakker et al. (2016) (which extend only to 120 ka). We model the terrestrial
biosphere carbon stock to fall by406-PgC385PgC from the last interglacial to the LGM, and increase!b§36-PgCS600

Pg,C from the LGM to the Holocene (Fig. 12B).
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Figure 12.(A) Model-data output for the terrestrial biosphere net primary productivity (NPP) in each MIS timegsheagnedblackggshed

steredandburiedandpeatandpermafrost(B) model-data output for the terrestrial biosphere carbon stock for each MIS time slice.
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5 Discussion
5.1 Last glacial-interglacial cycle

This study applies a carbon cycle box model to diagnose the values for ocean circulation and Southern Ocean biological export
productivity during the last glacial-interglacial cycle, optimised for ocean and atmospheric proxy data. This study continues
efforts to simulate the last glacial-interglacial cycle of atmospherig 3. Ganopolski et al., 2010; Brovkin et al., 2012;
Menviel et al., 2012; Ganopolski and Brovkin, 2017), but with a simpler box model and using a non-transient model-data
optimisation to estimate parameter values.

There were three major episodes in which atmospherig Gifpcentratiorfell during the lastglacial-glagial-interglacial

cycle (Fig. 4A Aned! y
atmospheri¢-, 325 ppm-A-seconedropotC (Fig.4B), Hl, 14

; G.(Fig. #C)andgceant} 1326

rom

by a host of physical and biogeochemical changes. These changes include weakened GOC, AMOC and strengthened Southel
Ocean biological export productivity (Figs. 8, 9, 10, 11), and changes in SST, salinity, ocean volume, the terrestrial biosphere,
reef carbonates and atmosphéfi€ production (Fig. 2).

lows at the LGM, and accompanied by increased Southern Ocean biological export productivity, yielding the LGM minima in
atmospheric C@and the bnal fall in C@during the glacial cycle. We model elevated Southern Ocean biological productivity
during MIS2aneMiS-44 gndMIS 2, relative to interglacial values (MISand5egngl). Importantly, the transition from MIS

3to MIS 2, which incorporates the LGM and increased Southern Ocean biological productivity, only accounted for an average
1315 ppm reduction in CQ (Figs. 4, 9). Therefore, our results suggest an increase in Southern Ocean biological productivity
during this period was an additional OkickerO to achieve thegdif@vbphericO, minima, following prior reductions df 70

overall glacial CQ drawdown, corroborates proxy data (e.g. Martinez-Garcia et al., 2014; Lambert et al., 2015; Kohfeld and

Chase, 2017; Shaffer and Lambert, 2018) and recent model-data exercises (e.g. Menviel et al., 2016; Muglia et al., 2018).
For the Holocene, we model GOC and AMOC returning to values similar to the modern ocean estimates of Talley (2013).

Our Holocene result for Atlantic (Pacibc-Indian) Southern Ocean biological export productivity, of 3.4 (2.4) Mal @'m

(Fig. 8), falls within modern observations for the Southern Ocean of 0.5-6 mol €ym * (e.g. Lourey and Trull, 2001;
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Weeding and Trull, 2004; Ebersbach et al., 2011; Jacquet et al., 2011; Cassar et al., 2015; Arteaga et al., 2019). Our model-dat
experiment results also reproduce values that fall within one standard deviation of the mean value in nearly all model boxes,
for all of the atmosphere and ocean proxies in each MIS (Figs. 9-11).

Kohfeld and Chase (2017) hypothesis for glacial-interglaciap Gfarticularly with regard to lower SST early in the glacial
inception, followed by weaker deep Atlantic ocean circulation and stronger Southern Ocean biological export productivity later
in the glacial cycle. However, we also posit a role for slowing GOC and no direct role for increased sea-ice cover, in delivering
lower atmospheric C@at the last glacial inception. Stephens and Keeling (2000) proposed that expanded glacial sea-ice cover
around Antarctica could deliver LGM GQthanges on its own, as a result of reduced air-sea gas exchange or in combination
with ice-driven ocean stratibcation. However, KShler et al. (2010) demonstrated with a carbon cycle box model that increased
sea-ice cover leads to increased atmospherig, @Qe to less in-gassing of GGnto the cold waters surrounding Antarctica.
Kohfeld and Ridgwell (2009) reviewed estimates of the effectdemfreasedsea-ice cover at the last glacial termination and
found a best estimate of -5 ppm within a range of -14-0 ppm, which is in the opposite direction to that envisaged by Stephens
and Keeling (2000) and Kohfeld and Chase (2017). The modelling work by Stephens and Keeling (2000) was discounted by
Kohfeld and Ridgwell (2009) because it assumed nearly all ocean-degassing afa8@onbned to the polar Antarctic region,
when modern observations suggest the locus of outgassing is in the equatorial ocean (Takahashi et al., 2003). In SCP-M, the
effects of polar Southern Ocean sea-ice cover, modelled as a slowing down in air-sea gas exchange in the polar Southern Oces
surface box, are modest. This modelling result reRects the offsetting effects of upwelled nutrient- (and carbon) rich waters
(degassing and higher GI against the effects of lower temperatures and enhanced biological export productivity (in-gassing
and lower CQ). This bnding may ref3ect our approach to treat Southern Ocean sea-ice cover simply as a regulator of the rate
of air-sea gas exchanggiis-Qur approach may neglect other effects of sea-ice cover including as a contributor to changes in
Southern Ocean brine formation, buoyancy forcing, upwelling, mixing, deep ocean stratibcation and NADW formation rates
(Morrison et al., 2011; Brovkin et al., 2012; Ferrari et al., 2014; Kohfeld and Chase, 2017; Jansen, 2017; Marzocchi and Jansen,
2017). For example, Brovkin et al. (2012) found that in the CLIMBER-2 model, atmosphetcv@®more sensitive to sea
ice cover when it was linked to weakened vertical diffusivity in the Southern Ocean of tracers such as DIC, thereby reducing
outgassing of C@ The synergistic effects of increased Antarctic Southern Ocean sea-ice cover discussed by Kohfeld and
Chase (2017), in terms of reduced ocean vertical mixing rates to deliver reductions in atmosphedo@be tested with a
more complex model than SCP-M.

In addition to lower SST, increased-sea ice cover and the other model forcings (Fig. 2), SCP-M requires additional changes
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the LGM, a substantial change in the global ocean and not just the Atlantic Basin. This underscores the importance of the
global ocean in any hypothesis for the last glacial-interglacial cycle or LGM-Holocene (Fig. 8). We note that our simplibed
representation of GOC, as per Talley (2013), includes features that may be separated out or characterised differently in othel
models or hypotheses, such as AABW formation rate, Southern Ocean upwelling or shallow mixing/stratibcation, Pacibc and
Indian deepwater formation (PDW/IDW), or northward extension of AABW versus NADW formation of abyssal waters in the
Atlantic Ocean (e.g. Menviel et al., 2016; Kohfeld and Chase, 2017).

proxy offsets at that period, as observed cleatifuringMIS 4 and the LGM (e.qg. Oliver et al., 2010; Yu et al., 2016; Kohfeld
and Chase, 2017). However, Govin et al. (2009) proposed an expansion of AABW across the Southern Ocean and weakening
of circumpolar deep water upwellirg-gyring MIS 5d, based on deep ocebFC from the Atlantic and Indian basins. The
proxy evidence of Govin et al. (2009) supports the concept of De Boer and Hogg (2014), that the glacial ocean could have
exhibited slower and at the same time more expansive formation of AABW. Ganopolski et al. (2010) and Brovkin et al. (2012)
modelled cooling SST and substitution of NADW by denser waters of Antarctic origin in the abyssal ocean, as the main drivers
of falling atmospheric C@ at the last glacial inception. Menviel et al. (2012) modelled a transient slowdown in the rate of
overturning circulation in the North Atlantic across ME8-5e4e-5d Despite these Pndings, changes in ocean circulation at
the last glacial inception are not obvious in Atlantic Oce&C proxy data (Oliver et al., 2010; Kohfeld and Chase, 2017).

To illustrate the plausibility of a slowdown in GO&dyringthe last glacial inception in the context of deep OCEHIC
proxy data, we show a model experiment testing the sensitivity of atmosphesi@@Dabyssal ocedrt*C to slowed GOC
under MIS5¢andiiS-5epeand)\IS d conditions (Fig. 13). Shown for comparison are the standard deviation of data values
for abyssal ocean'3C for MIS 5e (Fig. 13B). The experiment shows that slowing GOC from the MIS 5e model-data optimised

value of 29 Sv (e.g. Fig. 8), delivers lower values fimosphericCO, (Fig. 13A) and more negative abyssal Pacibc-Indian

deviation of the abyssal Pacibc-IndidfiC data (Fig. 13B). Changes in the deep-abysS4aT offsets are also muted (Fig. 13C)
relative to atmospheric GQand particularly for the Atlantic Ocean. The observation is even more obvious when including
other ocean changes for the MB8-5e5¢-5dltransition, such as SSh-theexperimentWhen these changes are incorporated
(shown as the "x" symbols in Fig. 13A and B), the atmospherig Clange across MISd-5e5e-5dis even more quickly

satisbed by the modelled reduction in GOC, while abyssal océahremains near its MISeHebox average and well within

the abyssal Atlanti¢'3C result hardly varies, a particularly interesting Pnding. In SCP-M this can be explained by a reduced
rate of AABW formation as a part of slowing GOC, leading to relatively greater inBuence of other Atlantic Ocean processes
such as the deep-abyssal mixing and AMOC, which mixes deep water with a more pdsi@viaito the abyssal Atlantic and
offsets the effects of slowing GOC. Slowing GOC by itself leads to a more negative aby3Saks per the Pacibc-Indian
Basin results. This type of dynamic could help explain why hypothesised or modelled changes in thetqeeiaug the last
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glacial inception (e.g. Govin et al., 2009; Menviel et al., 2012; Brovkin et al., 2012) donOt show up more obviously in the deep
and abyssal Atlantic Ocedd®C proxy data (Oliver et al., 2010; Kohfeld and Chase, 2017).

These observations from Fig. 13 could be exaggerated in SCP-M due to the large size of its ocean boxes and therefore rela
tively large spread of*3C values and standard deviations for each box. In addition, this experiment may reRect idiosyncrasies
in the SCP-M model design and its simple parameterisation of ocean circulation and mixing. A bner resolution model may
show a greater sensitivity of the ocean BdXC to variations in ocean circulation. Menviel et al. (2015) analysed the sensitivity
of ocean and atmospheri¢®C to variations in NADW, AABW and North Pacibc Deep Water (NPDW) formation rates, in
the context of past changes in atmosphettC and CQ. Their modelling, using the more spatially-detailed LOVECLIM and
Bern3D models, showed modest but location-dependent sensitivities of bé&ito slowing ocean circulation, and partic-
ular sensitivity to AABW. These models are higher resolution and show greater sensitivi§@fo ocean circulation over
depth intervals not differentiated in the SCP-M boxes. However, our simple experiment illustrated in Fig. 13 does highlight the
potential for important changes in the ocean during glacial-interglacial periods to go unnoticed, when focussed on one set of
ocean proxy data and without validation by modelling.

As shown in Fig. 13, analysing Atlantic Ocean data in isolation, and only qualitatively assessing ocean proxy data offsets
(e.g. solely relying on standard deviations), may obscure features that could have contributed meaningfully to glacial falls in
atmospheric C@(e.g. GOC). According to (Talley, 2013), GOC is a key part of the global ocean carbon cycle, operating in the
Atlantic, Pacibc and Indian ocean basins. Given it is a global feature, spread across all basins, its global changes may not shov
up as dramatic changes in proxy data offsets in any particular basin, despite it exerting a strong infBuence on atmogpheric CO
A number of authors highlight changes!in*C distributions in the Pacibc Ocean during the LGM and Holocene, providing
qualitative evidence of changes in ocean circulation in this basin and of it being a potential driver for post-glacial increase in
atmospheric C@ goneentratior(e.g. Sikes et al., 2000; Marchitto et al., 2007; Stott et al., 2009; Cook and Keigwin, 2015;
Skinner et al., 2015; Ronge et al., 2016; Skinner et al., 2017). Qc&H@ values are particularly sensitive to ocean circulation
rates (Broecker et al., 1980). Howevert*C proxy records in periods prior to the LGM and Holocene are sparse, because they
can only extend td 50 ka due to their radioactive decay in nature, therefore cannot be applied to the glacial inception period.

There is qualitative multi-proxy evidence for a slowdown or shoaling of AM®gringMIS 4. Kohfeld and Chase (2017)

evaluated Atlantic basih'*C data and surmised that Atlantic deep ocean circulation slowed or sheglgdng MIS 4. Yu

et al. (2016) and Chalk et al. (2019) came to similar conclusions from analysis of carbonate proxy records. Piotrowski et al.
(2009) further suggested a reduced proportion of AMOC-sourced waters in the deep IndiamQiteang MIS 4, as deduced

from Indian Ocearl **C data. Our model-data results corroborate these bndings, with a pronounced weakening in AMOC
atguring MIS 4. SCP-M does not take explicit account of AMOC shoaling due to its rigid box boundaries, and therefore

the importance of this event. We also model a drop in AM@guring MIS 5b which replicates abyssal Atlanti¢*C and

CO§! observations (Fig. 5 and Fig. 7), and also accompanies a transient fall in atmospheraf COppmat-¢jiring that

period (Fig. 4). Menviel et al. (2012) modelled a transient, but more dramatic declihe-fateof-everturningeireulation
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experiment including other changes in the ocean across3S§e-5d SST, salinity, Antarctic sea-ice cover, ocean volume and coral reef

carbonate production. Southern Ocean biological export productivity is not varied in this experiment.

modelled by Ganopolski et al. (2010)), in addition to a deepening in the remineralisation depth of organic carbon.
Our model-data results indicate a role for increased Southern Ocean biological export productivity in achieving glacial

troughs in atmospheric GOr-goncentratioguringMIS 4 and MIS 2. Our bnding of increased biological productivity, while

proxy data for increased iron-rich continental dust supply to the Southern Ocean in these periods (e.g. Martinez-Garcia et al.,
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2014; Lambert et al., 2015; Kohfeld and Chase, 2017) and recent model-data exercises (e.g. Menviel et al., 2016; Muglia et al.,
2018; Khatiwala et al., 2019). Martin (1990) pioneered the "iron hypothesis", which invoked the increased supply of continent-
borne dusts to the Southern Ocean in glacial periods. Increased dust supply stimulated more plankton productivity where
plankton were bio-limited in nutrients supplied in the dust, such as iron (Martin, 1990). Since then, the iron hypothesis has
retained an important place in the debate over glacial-interglacial cycles af\U&son et al. (2000) took experimental data

on the effects of iron supply on plankton productivity in the Southern Ocean (Boyd, 2000) and applied this to a carbon cycle
model across glacial-interglacial cycles. Their modelling, informed by the ocean experiment data, suggested that variations in
the Southern Ocean iron supply and plankton productivity could account for larf@ gpm) swings in atmospheric GO
magnitude of the contribution of Southern Ocean biological productivity to the glacialdegavdown. According to Kohfeld

et al. (2005), based on sediment daigegpnhancedsouthern Ocean biological productivityeehanisrcould account for no

more than half of the glacial COdrawdown. Others emphasise that Southern Ocean biological export productivity Ruxes
may have been weaker in the LGM in absolute terms, but that with weaker Southern Ocean upwelling, the iron-enhanced
productivity contributed to a stronger biological pump of carbon and was a major contributor to the LGMré&@down

(Jaccard et al., 2013; Martinez-Garcia et al., 2014; Yamamoto et al., 2019). Importantly, our bnding for increased biological

in surface boxes outside of the Atlantic and Pacibc-Indian subpolar Southern Ocean boxes across the last glacial-interglacia
period. Some authors posit that low latitude biological export productivity may have been stronger at the LGM due to increased
shelf-sourced phosporus (Broecker, 1981, 1982; Filippelli et al., 2007; Tamburini and F3limi, 2009; Menviel et al., 2012) or
increased biological matter remineralisation depth (Matsumoto, 2007; Menviel et al., 2012). Others argue that low latitude
biological export productivity was weaker at the LGM due to lesser upwelling of thermocline waters and lower shallow ocean
nutrient levels (Calvo et al., 2011; Hayes et al., 2011; Winckler et al., 2016). Weaker (stronger) glacial biological export
productivity in the low latitude surface boxes would reduce (increase) the sensitivity of atmospheric G@an circulation

in our model-data experiments.

Table 3 shows a contribution analysis for the data observations in each MIS model-data optimisation of ocean parameter
values. The ranking is based on the relative standard deviation (RSD) for each data observation (or set of data observations
in each MIS, with the highest ranking (e.g. 1) given to the data observation with the lowest RSD in each model box/MIS. The
contribution analysis shows that atmospheéftC and CQ exert the greatest inBuence on the optimisation results throughout

the MIS experiments. This ref3ects that each of these atmospheric data time series is derived from a single source and does ni

require locational averaging as in the ocean boxes. For the atmosphere data, only MIS-averaging (not model box dimenson)
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takes place. For the ocean boxes, averaging on depth and latitude takes place as well as MIS-averaging to derive a box/MIS
mean data value. Using a box model with large boxes such as SCP-M means that large parts of the ocean are average
into the ocean box mean value and therefore there is an increased spread of data values around the mean for those boxe
Therefore, the model-data results show a precise bt to the atmosph&iand CQ data as shown in Figs 9-11. The results

for oceanic variables are typically less precise but also fall within the standard deviations of the data observations for each box
and MIS (Figs 9-11). Others have attempted glacial-interglacial model-data studies focusing only on the ocean data without
matching atmospheric data (e.g. LeGrand and Wunsch, 1995; Gebbie and Huybers, 2006; Hesse et al., 2011; Zhao et al., 2017
Kurahashi-Nakamura et al., 2017). While these studies could potentially elucidate more detail on oceanic processes, they are
also potentially fraught due to the high spread of data values for the oceanic data and could return results that are not consisten
with the relatively well constrained glacial-interglacial atmosphere data. For our study, the express purpose is to identify
causes of changes in atmospheric@@neentrationso it is appropriate that atmospheric data observations make an important
contribution to the model results. However, as shown in Figs 9-11 this is not at the expense of providing plausible results for
the ocean variables. Additional parameter sensitivity analysis of the model-data experiments is streSuipplementary
tnformationFig. S2.

Table 3. Contribution of proxy data observations to the model-data experiment results for ocean parameter values in each MIS. Each proxy
data observation from each model box is ranked from 1 to 6 in each MIS based on the relative standard deviation (RSD) of its data points. A
ranking of 1 is given to the data observation with the smallest RSD in each MIS. A smaller RSD gives the data observation a higher weighting
in the model-data optimisation and therefore a greater contribution to the model résti®& proxy data does not exist for periods before

MIS 3.

MIS Atmospheric| Atmospheric| Atmospheric| Ocean | Ocean | Ocean
CO, st3C AC stc | co? | AtC
11 2 1 4 5 3 6
12 2 1 3 6 4 5
3 2 1 3 5 4 6
4 2 1 nan 4 3 nan
5a 2 1 nan 4 3 nan
5b 2 1 nan 4 3 nan
5c 2 1 nan 4 3 nan
5d 2 1 nan 4 3 nan
5e 1 2 nan 4 3 nan

Figure 14 shows the contribution to the glacial drawdown in atmosphercd@®ach mechanism we modelled, relative to the
last interglacial period (MIS 5e), in SCP-M. Our model-data study bnds that approximately half of the glacial atmospheric CO
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drawdown is contributed by weakened ocean circulation (GOC and AMOC), with the other half contributed by a combination
of lower SST, increased Southern Ocean biological export productivity, varying coral reef carbonate production and dissolution,
and increased polar Southern Ocean sea-ice cover. Weakened GOC delivers the highest contribution to falioip @€l
by lower SST, weakened AMOC and stronger Southern Ocean biological export productivity. Lower SST leads to modest
reductions in C@ early in the glacial cycle, increasing as the ocean cools fuithejring MIS 4, and is an important
contributor to decreased G@ the LGM (Kohfeld and Chase, 2017). Some studies observed that early versions of box models
tended to overstate the effects of SST and other processes at high latitudes on atmosphe&da@@ to general circulation
models (GCMs) (Broecker et al., 1999; Archer et al., 2000; Ridgwell, 2001; Kohfeld and Ridgwell, 2009). However, our
modelled estimate of 28 ppm for the contribution of SST to the glacial-interglacial atmospheri@©014) falls within the
range of GCM-derived estimates of 21-30 ppm (mean value 26 ppm) compiled by Kohfeld and Ridgwell (2009), is similar to
that ofMenviet-etat(2016)gnyiel et al. (2012]27.5 ppm) and substantially less than another recent GCM-derived estimate
of 44 ppm (Khatiwala et al., 2019). Southern Ocean biological export productivity strengtifpmérgMIS 4, and contributes
a peak of -13 ppm by MIS 2 (LGM).

The smaller glacial terrestrial biosphere contributes 13 pprp ©Ghe atmospheratdyringthe LGM (MIS 2), consistent
with other modelled estimates (KShler et al., 2010; Menviel et al., 2012; Ganopolski and Brovkin, 2017). Other parameters con-
tribute lesser increases in G@salinity, ocean volume) and decreases (Antarctic sea-ice, coral reefs) during the glacial cycle.
Our estimate for coral reefs of -9 ppm €@ at the lower end of the range of 6-20 ppm summarised in Kohfeld and Ridgwell
(2009), suggesting that our simple parameterisation of the coral reef carbon and alkalinity Buxes could underestimate its ef-
fect, likely due to the assumed fast mixing rates of reef carbon and alkalinity into the surface boxes in SCP-M. Ridgwell et al.
(2003) modelled +20 ppm CQrom coral reef;arbonateccumulation in the Holocene period, noting a high sensitivity of their

model to coral reef accumulation rates. Itis likely that our model-data results underestimate the contribution ofdNBE,

v BTV c 3 O

ol 4 g Vv \/ ctt; v,

%h?causﬁ)urmOdel does nOt eXleCltIy re80|mea-l+H%MOQl§lnoalIn%ﬁﬁgnIlMlﬁlmM'ﬁll|IﬁltlIQIIWIIzlgq"zﬂIIﬁlnngﬁlmHﬁl‘tlIﬁ'ﬁ'HZO:LZ’ Yu et al" 2(

other than a linear-positive linkage between the AMOC circulation parameter and a deep-abyssal Atlantic box mixing term

(less mixing between the deep and abyssal Atlantic boxes as AMOC showehereforemay-serveto-missadditionalparts

spheric CQ drawdown in Fig. 14 . The contribution of the model parameters to the glacial atmospheridr&@@lown shown
in Fig. 14, incorporate the effects of various feedbacks in the model such as continental weathering and calcium carbonate

compensation.
5.3 The LGM and Holocene

Within the context of LGM-Holocene studies, our bndings corroborate the hypothesis that a number of mechanisms, not one
singular factor, delivered thHe85 ppm increase in atmospheric €ghneentratiorirom the LGM to the Holocene (e.g. Kohfeld

and Ridgwell, 2009; K3hler et al., 2010; Sigman et al., 2010; Hain et al., 2010; Menviel et al., 2012; Brovkin et al., 2012; Ferrari
et al., 2014; Menviel et al., 2016; Ganopolski and Brovkin, 2017; Kohfeld and Chase, 2017; Muglia et al., 2018). This bPnding
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Figure 14. Impacts ongfmosphericCO; ¢opeentratiqrof model parameterfem-in the model-data experiment results, from the last in-
terglacial period (MIS 5e) to the Last Glacial Maximum (MIS 2). SST = sea surface temperature, ReefC = shallow carbonate produc-
tion/dissolution, GOC = global ocean circulation, AMOC = Atlantic Meridional Overturning Circulation, SO Bio Export = Southern Ocean

Biological export productivity.

is more obvious when the sequential nature of changes is observed over the full glacial-interglacial cycle, as distinct from
analysing the LGM and Holocene in isolation. Our model-data results agree with those of Menviel et al-#{28%6)iations

wimaﬂw—m.whqusnhoweqnhat J;he..m;eamc' 13.C,..and : 14C, recordgyvere mostgansistenyith, a..weakGOC and AMOG
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5.4 The terrestrial biosphere

Our modelled increase in the terrestrial biosphere carbon stock from the LGM to Holocené36§00 Pg C (Fig. 12),

falls within ;-but towards the upper end efecent estimates of this changef 300-850 Pg C (e.g. Joos et al., 2004; Brovkin

et al., 2007; KShler et al., 2010; Prentice et al., 2011; Brovkin et al., 2012; Ciais et al., 2012; Peterson et al., 2014; Menviel
et al., 2016; Jeltsch-Thommes et al., 20199rexamplePeterson-etal{2014)-estimatadrariationo +28
data-Brovkin et al. (2007), Brovkin et al. (2012)

and Kshler et al. (2010) all modelled500-550 Pg C increase in the terrestrial biosphere between the LGM and Holocene

(Prentice et al. (2011) estimated (550-694 Pg C)). According to Franeois et al. (1999), palynological and sediment data infer
that the terrestrial biosphere carbon stock was 700-1350 Pg C smaller in the LGM than the present. Ciais et al. (2012) pointed
to a growth of a large carbon pool in steppes and tundra during the LGM as an offsetting feature to the declining tropical
biosphere afeaturealseincludedinreconstructedastglaciatlterrestrialbiesphereby-Hoogakkeretal{2016)eading to a

smaller estimate df 330 Pg C (Ganopolski and Brovkin (2017) modelled a similar estimate of 350 Pg C). Jeltsch-Thommes
et al. (2019) estimated a glacial-interglacial change in terrestrial biosphere of 850 Pg C (median estimate; range 450 to 1250
Pg C), a similar estimate to that of Joos et al. (2004) of 820-850 Pg C. Jeltsch-Thommes et al. (2019) demonstrated the
importance of including ocean-sediment and weathering Ruxes in their modelling estimates, and suggested other studies ma
underestimate the full deglacial change in the terrestrial biosphere carbon stock. While our model réS@i§00Pg C) are

higher than some estimates of the LGM-Holocene change in the terrestrial biosphere (e.g. Ciais et al., 2012; Menviel et al.,
2016; Ganopolski and Brovkin, 2017), they are mostly in good agreement (e.g. Joos et al., 2004; Brovkin et al., 2007; KShler
et al., 2010; Prentice et al., 2011; Brovkin et al., 2012; Peterson et al., 2014; Jeltsch-Thommes et al., 2019), and our NPP
estimates mostly align with thglaeialglagial-interglaciglcycle NPP reconstruction of Hoogakker et al. (2016) as shown in

Fig. 12. The driver for NPP in the simple terrestrial biosphere module in SCP-M is atmospherieva@arbon fertilisation
—Aceordingto-severalauthors(e.g. Otto et al., 2002; Kaplan et al., 2002; Joos et al., 2004; Hoogakker et al.; 2846

debatede-gFraneois-etal; 1999, van-der Steen-etat 20 gnperatur@nd precipitatiopalsgexertjmportanigontrolgon

The isotopic fractionation behaviour of the terrestrial biosphere may also vary on glacial-interglacial timeframes. This has
been studied for the LGM, Holocene and the present day (e.g. Collatz et al., 1998; Franeois et al., 1999; Kaplan et al., 2002;
KShler and Fischer, 2004; Joos et al., 2004; Kohn, 2016). The variation in isotopic fractionation within the terrestrial biosphere
relRects changes in the relative proportions of plants with thar@ G photosynthetic pathways, but also strong variations
within the same photosynthetic pathways themselves (Franeois et al., 1999; Kohn, 2010; Schubert and Jahren, 2012; Kohn,
2016). The drivers for these changes include relative sea level and exposed land surface area (Franeois et al., 1999), globa
tree-line extent (KShler and Fischer, 2004), atmospheric temperature apd@fDatz et al., 1998; Fran<ois et al., 1999;

KShler and Fischer, 2004; Kohn, 2010; Schubert and Jahren, 2012), global and localised precipitation and humidity (Huang
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et al., 2001; Kohn, 2010; Schubert and Jahren, 2012; Kohn, 2016), and also changes in the intercellpl@as@®e in the

leaves of G plants (Franeois et al., 1999). Estimated changes in average terrestrial biospt@rsignature between the

LGM and the Holocene fall in the range -0.3-1.84 (less negativ&C signature in the LGM), with further changes estimated

from the onset of the Holocene to the pre-industrial, and even greater changes to the present day (due to rising atmospheri
C0O,). This feature has been covered in detail within studies that focussed on the terrestrial biosphere between the LGM and
Holocene, but less so in modelling and model-data studies of the last glacial-interglacial cycle. Menviel et al. (2016) provided
a sensitivity of -0.7+0.54 around an average LGM terrestrial biosphé?€ value of -23.34, based on previous modelling of

the LGM-Holocene timeframe by Joos et al. (2004). Another modelling study (Menviel and Joos, 2012), assessed the variation
in LGM-Holocene! 13C of the terrestrial biosphere to be a minor factor and it was not considered. KShler and Fischer (2004)
assessed the changihtf C signature of plants between the LGM and Holocene to be a minor factor in seti@gf marine

DIC, compared to changes in the absolute size of the terrestrial biosphere across this period. Given the uncertainty and range
of starting estimates of terrestrial biosphetéC, the uncertain LGM-Holocene changes, the large number of potential drivers

of relative G and G, and the further uncertainty in extrapolating the posited LGM-Holocene changes back for the preceding
100 kyr, and bnally the modest changes relative to the avétd@esignature (and the very large range in, for example, present

day estimates of £plant!3C (Kohn, 2010, 2016), we omit this feature with the caveat that there is added uncertainty in

etal. (2019) £3-3,23.3, -244 respectively), but more negative than assumed in Brovkin et al. (2002), KShler and Fischer
(2004) and Joos et al. (2004)}6-(;16a ,-17a). Outln gymmarypuraim is not to contribute new Pndings of the terrestrial
biosphere, but to ensure that the simple representation of the terrestrial biosphere in SCP-M provides the appropriate feedback
to our (exhaustive) glacial-interglacial cycle model-data optimisation experiments, that are in line with the published estimates

discussed above.
5.5 Advantages and limitations of this study

The use of a simple box model for this model-data study, SCP-M, enabled a range of proxies to be incorporated into MIS data
reconstructions, and a large number of simulatidng,000 in each MIS) to explore possible parameter combinations in each
MIS. However, the use of a simple box model means that some details are lost in the analysis. Given the large spatial coverage
of the SCP-M boxes, data for large areas of the ocean are averaged. In thet@ssmdionate ion proxy, we apply a default
estimate of standard deviation to account for the large volume of ocean covered by SCP-MOs boxes relative to the proxy dat:
locations, and to enable the normalisation of the carbonate ion proxy data in a procedure that uses the data standard deviatio
as a weighting. Despite this caveat, we believe that the model-data experiment results provide a good match to the data acros
the various atmospheric and ocean proxies as shown in Figs 9-11.

Most major processes in the SCP-M model are simply parameterised, allowing them to be free-RBoated in model-data ex-
periments. However, the driving factors behind parameter value changes can only be speculated. For example, slowdown in

GOC may be the result of changing wind patterns or buoyancy Buxes around Antarctica (Morrison and Hogg, 2013), Antarctic
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sea-ice cover (Ferrari et al., 2014), or may be the result of shoaling AMOC leading to extensive blling of the abyssal ocean
by waters sourced from GOC (Curry and Oppo, 2005; De Boer and Hogg, 2014; Jansen, 2017). Probing the root cause of our
model-data Pndings would require a more detailed physical and/or biogeochemical model. Furthermore, we apply a simple
representation of the terrestrial biosphere in our model-data experiments, relying primarily on atmosphexsct@driver

for NPP. This approach provided reasonable results for the terrestrial biosphere carbon stock and NPP, on the whole, but may
miss some detail in the terrestrial biosphere during the last glacial-interglacial cycle. Our MIS time-slicing obscures details in
the proxy records within MIS. For example, Yu et al. (2013) observed a transient drop in carbonate ion concentrations in the
Ganopolski et al. (2010) and Menviel et al. (2012) modelled transient collapses and rebounds in AMOC during MIS 4 (and
other short-term changes in atmospheric dust supply and depth of biological nutrient remineralisation), which could have con-
tributed to the full observed magnitude of changes in atmosph&te across this period (e.g. Eggleston et al., 2016) - not
captured with our MIS-averaging approach. We omittedtthesientlast glacial termination from our analysis, a period in

which atmospheric C@rose! 85 ppm in 8 kyr. Future model-data optimisation work could probe this period at 1 kyr inter-
vals, or with transient, data-optimised simulations, to proble the unwinding of processes that led to the last glacialcycle CO
drawdown.

is heavily constrained by natural observations and proxy data from the carbon cycle. Therefore, this work presents a plausible
set of modelled outcomes for the last glacial-interglacial cycle.

6 Conclusions

cycle. Against a backdrop of varied SST, salinity, sea-ice cover, ocean volume and reef carbonates, we modelled sequentially
weaker GOC (brst) and AMOC (second) to reduce atmosphericgo@rentrationn the lead up to the LGMAt+-During the

resulting in the glacial cycle COminimum. GOC, AMOC, Southern Ocean biology and SST rebounded to modern values be-
tween the LGM and Holocene, contributing to the sharp post-glacial increagmaspheri€€O, ¢oneentrationThe terrestrial

the marine and terrestrial carbon cycle (e.g. Kohfeld and Ridgwell, 2009; Sigman et al., 2010; Ganopolski et al., 2010; Brovkin
etal., 2012; Menviel et al., 2012; Ferrari et al., 2014; Menviel et al., 2016; Kohfeld and Chase, 2017; Ganopolski and Brovkin,
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2017). We emphasise the need to include the Pacibc and Indian oceans in evaluation of the oceanic carbon cycle, particularly
in relation to the lastiaciatg|agial-interglaciatycle and the LGM-Holocene transition.

Many uncertainties exist in the data and the prescribed nature of the processes in a box model. However, such uncertainty
is largely inescapable when dealing with models and proxy data. We propose these model-data results as one set of plausibl

results for the last glacial carbon cycle, in agreement with available proxy data, and see them as encouraging for the use of

7 Code and data availability

The model code, processed data bles, model-data experiment results, and any (published) raw proxy data gathered in the cour:
of this work, are located at https://doi.org/10.5281/zenod0.4084586. No original data was created, or unpublished data used,

in this work. This paperGsupplementarinformationFig. S3 contains an overview of the bles contained in the repository. For
more detail on the SCP-M equations, see OONeill et al. (2019).
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